INTRODUCTION
============

State-of-the-art virtual or augmented reality systems rely on optical detection of moving body parts to enable the manipulation of virtual objects. This is typically achieved using camera arrays (for example, integrated in wearables), accelerometers, and compasses in conjunction with on-the-fly image processing. However, the resolution of these approaches is insufficient to reconstruct fine motions such as those associated with fingers being moved with respect to the palm because the onboard energy supply of wearable gadgets is typically too limited. Methods that use arrays of ultrasonic generators are equally energy-inefficient for wearables. Advancing beyond the bulky, heavy, and often restraining virtual reality sets of goggles and gloves that enable interaction with the virtual world calls for the realization of novel, skin-like human-machine interfaces ([Table 1A](#T1){ref-type="table"}) ([@R1]--[@R3]).

We envision that lightweight, high conformability, and even mechanical imperceptibility ([@R4]--[@R7]) are the key characteristics for wearable ([@R8]--[@R14]) and on-skin ([@R15]--[@R19]) electronics of the prospective personal appliances that will form the interface between our physical world and supplemented reality. Imperceptible electronic skins (e-skins) capable of touchless interaction not only open exciting possibilities for business or the gaming industry but also are beneficial for safety and security applications. Here, the somatic manipulation of objects, for example, turning regulation knobs located in a restricted environment, is undesirable or even prohibited.

Realizing touchless manipulation of virtual objects requires at least two basic functions combined in a single gadget, namely, proximity sensing imitating the "touching" function and the detection of a spatial direction as a counterpart of the "turning" function. The first feature is achieved with magnetic field sensors that are in essence proximity sensors. We introduced this concept for wearable and on-skin electronics ([@R7], [@R20], [@R21]). However, these early demonstrations are unable to resolve directions in space.

Here, we introduce the first mechanically imperceptible e-skin equipped with magnetic functionality that is capable of tracking motions of the body. Unlike conventional optics-based concepts, our approach does not require a direct line of sight between a (virtual) object and the sensors. Based on the interaction with magnetic fields, our platform provides complementary information channels yet underexplored. Our devices operate at low power in conjunction with permanent magnets that do not require energy for operation. Applications range from navigation, motion tracking in robotics, regenerative medicine, and sports and gaming to interaction in supplemented reality ([Fig. 1A](#F1){ref-type="fig"}). The e-skin monitors the motion of the body, for example, hand, when it is rotated with respect to the direction of the external magnetic field ([Fig. 1](#F1){ref-type="fig"}, B and C). The angular position of the hand is digitized and can be readily displayed or even used to interact in a touchless way with objects in virtual or augmented reality. We demonstrate the concept in augmented reality systems with virtual knob-turning functions as well as the operation of virtual dialing pads. Realizing directional perception in ultrathin form factors requires fabricating a two-dimensional (2D) magnetic field sensor on a customized, temperature-stable 1.7-μm-thick polyimide-based foil allows for discriminating between the *x* and *y* in-plane components of the magnetic field. The 2D sensitivity is gained by designing a sensor consisting of two Wheatstone bridges accommodating in total eight sensing elements, each having a well-defined magnetic anisotropy axis. This is characteristic of spin valves ([@R22])---magnetic switches operating based on the giant magnetoresistive (GMR) effect. The fabrication platform synergistically combines thin film and transfer printing technologies.

![Touchless manipulation of objects based on the interaction with magnetic fields.\
(**A**) Concept of touchless manipulation of an object on a (wearable or virtual) screen by moving a hand. (**B** and **C**) An on-skin magnetic field sensor is applied to a palm of the hand. Its angular position with respect to the direction of the external magnetic field is monitored and is used to reconstruct the spatial position of the hand. This information can be used to display the position of the hand in a virtual reality scene or/and to enable interaction with objects in virtual or augmented reality.](aao2623-F1){#F1}

RESULTS AND DISCUSSION
======================

2D magnetic field sensorics on ultrathin foils: Two Wheatstone bridges of spin valves
-------------------------------------------------------------------------------------

A spin valve sensor comprises a \[Py/CoFe\]/Cu/\[CoFe/Py\]/IrMn heterostructure, with IrMn acting as an antiferromagnet pinning the magnetization of the reference \[CoFe/Py\] bilayer adjacent to it due to exchange bias (EB) ([@R23]). The free layer \[Py/CoFe\] separated by a Cu spacer acts as the sensor layer. These structures are integrated in Wheatstone bridges with orthogonal sensitivity axes to realize entirely flexible 2D magnetic field sensors. Key processing steps are shown in [Fig. 2A](#F2){ref-type="fig"} (the full fabrication flow is shown in fig. S1): The magnetic layer stack is deposited onto lithographically defined areas on a polymeric foil. We developed temperature-stable polyimide-based foils to comply with the need of temperature treatment of the sensor while processing. Only 1.7 μm thick, these foils assure mechanical imperceptibility and the highest possible conformability of the devices as needed for on-skin appliances. Despite their thinness, the foils can withstand long-term annealing at 300°C even when exposed to a constant stress and allow soldering to contact pads that are lithographically defined on a foil ([Table 1](#T1){ref-type="table"}). The foil is laminated onto a glass slide coated with a sacrificial layer for processing. We prepare an extended array of spin valves in a single deposition run (17 × 6 sensing devices; total: 102 spin valves) to facilitate the fabrication and ensure device uniformity. All spin valves in the array have the same EB direction and reveal a GMR effect with a magnitude of about 4% ([Fig. 3A](#F3){ref-type="fig"}).

###### Comparison of commercial polymers with the novel ultrathin polyimide foils.

The table summarizes the most important parameters involved in our study, such as thickness (*t*), glass transition temperature (*T*~g~), melting temperature (*T*~m~), breaking temperature (*T*~br~), and cross-sectional area (*A*).

  **Polymer**   ***t* (**μ**m)**   ***T*~g~ (°C)**   ***T*~m~ (°C)**   ***T*~br~ (°C)**   ***A* (m^2^**)
  ------------- ------------------ ----------------- ----------------- ------------------ ----------------
  PET           100                73.3 ([@R38])     250 ([@R38])      75                 2 × 10^−6^
  PEEK          100                145 ([@R39])      340 ([@R39])      150                2 × 10^−6^
  Mylar         2.5                73.3 ([@R38])     250 ([@R38])      140                5 × 10^−8^
  This work     1.7                300               325               344                4 × 10^−8^

![Fabrication and compliancy characterization of a 2D magnetic field sensor on ultrathin polyimide foils.\
(**A**) Schematic summary of the key fabrication steps to prepare a 2D magnetic field sensor on ultrathin polyimide foils. An SEM image of the sample cross section reveals the complete layer stack consisting of a novel polyimide foil covered with a firmly attached 27-nm-thick sensing layer, which follows the surface morphology (A, VIII). The total thickness of the polymer is about 3.5 μm, including two bonded 1.7-μm-thick foils. The resulting polymeric layer is perfectly homogeneous and the bonding plane cannot be resolved. (**B**) Optical microscopy image of a 2D sensor containing two Wheatstone bridges accommodating in total eight spin valves properly arranged with respect to their EB direction. An individual spin valve element can compliantly cover a hair (diameter, 50 μm) or a doctor blade (diameter, 10 μm) as shown in (**C**) and (**D**), respectively. (**E** and **F**) Photographs of the entire 2D sensor conveniently placed on skin.](aao2623-F2){#F2}

![Mechanical characterization of spin valves and angle reconstruction.\
(**A**) GMR performance of an individual spin valve sensor. The magnetic field is applied along the EB direction. The sensor response (properties of the sensing layer, orange shaded region) does not change when the sensor is bent down to a radius of curvature of 1 mm. An array of spin valve sensors prepared on thermally stable polyimide-based ultrathin foils is shown as inset in (A). The EB direction is set in the same direction for all the sensors in the array. (**B**) Individual spin valve sensors are arranged with respect to their EB direction in two Wheatstone bridges each containing four spin valve sensors to realize a 2D magnetic field sensor. The response of the inner/outer Wheatstone bridge (indicated in white/red) is proportional to the cosine/sine of the angle θ between the bridge magnetization axis and the orientation of the external magnetic field, *H*. (**C**) Reconstruction of the magnetic field angle. The measurement is carried out using a 2D magnetic field sensor transferred to a rigid flat support (after being peeled off). (**D**) Geometry of the experiment: The signal of the Wheatstone bridges depends on the orientation of a permanent magnet. (**E**) Characterization of the 2D sensor. Voltage output signals of the inner (*V*~cos~) and outer (*V*~sin~) Wheatstone bridges of the 2D sensor. The period of the signals closely corresponds to the rotational speed set by the software (1.6 revolutions/s). There is a phase shift of 90° between the inner and outer bridge signals, which allows the reconstruction of the angle of the magnetic field (**F**).](aao2623-F3){#F3}

Following sample characterization, the sensors on a foil are delaminated from the rigid support and individually placed in a way that their EB axis is aligned accordingly to the position within the Wheatstone bridge ([Fig. 3B](#F3){ref-type="fig"}). Afterward, the spin valves are contacted to the underlying contacts. Finally, a 5-μm-thick encapsulation layer of polydimethylsiloxane (PDMS) is spin-coated on top and serves as basic encapsulation and soft interface to skin. A scanning electron microscopy (SEM) investigation of the sample cross section \[prepared using a focused ion beam (FIB) etching through the layer stack\] reveals that the metal layer is firmly attached to the polymer and follows the surface morphology ([Fig. 2A](#F2){ref-type="fig"}, VIII). No cracks in the spin valve or delaminated regions were observed when investigated at different locations of the sample. We note that bonding of the sensor chips on 1.7-μm-thick foil to the extended 1.7-μm-thick supporting foil results in a perfectly homogeneous polymeric layer with a total thickness of about 3.5 μm at the sensor location. No boundary between the two foils is visible in the SEM image, which is crucial to assure mechanical integrity of the entirely flexible device. The device is submerged in water for about 10 min to obtain freestanding 2D sensors ([Fig. 2B](#F2){ref-type="fig"}).

The mechanical stability of the 2D sensors upon bending is tested by placing them onto adapters with predefined curvature radii. Bending down to a curvature of 1 mm does not change the response of the sensing layer and the overall GMR performance of the sensor ([Fig. 3A](#F3){ref-type="fig"} and fig. S2). Their operating range as angle sensors corresponds to the plateau between 20 and 120 Oe, where the spin valves present an almost flat response (no variation of the resistance) as a function of the magnetic field. This condition renders our devices ideal for angle sensing, because the only parameter determining the resistance in this magnetic field range is the angle of the incident field. Our sensors intimately conform to a hair (diameter of about 50 μm; [Fig. 2C](#F2){ref-type="fig"} and fig. S3) and a doctor blade (diameter of about 10 μm; [Fig. 2D](#F2){ref-type="fig"}), demonstrating bending into curvatures smaller than 1 mm. The ultrathin sensor design complies with the surface of a doctor blade even at its apex. Even these extreme bending trials do not impair the GMR performance of our sensors, and no signs of degradation of the metal films, for example, cracks or layer stack delamination, are observed. This remarkable mechanical performance enables the sensor to be readily applied as on-skin electronics with magnetic functionality ([Fig. 2](#F2){ref-type="fig"}, E and F). The GMR response of a spin valve sensor on the middle joint of a finger is shown in movie S1. In the absence of an external magnetic field, a repeated movement of the finger does not alter the sensor response. Signal change is observed only when the functional element is exposed to a magnetic field, that is, of a permanent magnet.

The 2D sensor relies on a nested configuration to connect two Wheatstone bridges ([@R24], [@R25]). Each of the bridges includes four spin valve sensors, which are oppositely biased with respect to their adjacent neighbors ([Fig. 3B](#F3){ref-type="fig"}). This placement of the spin valve sensor elements allows us to achieve a bipolar output, where the full signal amplitude is that of a single element. In addition, because of the Wheatstone configuration, the temperature dependence of a single flexible sensor is canceled out and their intrinsic output offset is removed ([@R26], [@R27]). The inner bridge outputs a voltage *V*~cos~ proportional to the cosine of the angle θ between the bridge magnetization axis and the orientation of the external magnetic field (inset in [Fig. 3B](#F3){ref-type="fig"}). Analogously, the outer bridge produces a voltage *V*~sin~ proportional to the sine of θ. With these two output signals, the angle θ is readily determined via θ = arctan (*V*~sin~/*V*~cos~). Our sensors thus reconstruct the angle of an external magnetic field, in this case, the one given by a permanent magnet (reconstructed angle plotted against measured angle shown in [Fig. 3C](#F3){ref-type="fig"}).

We perform real-time reconstruction of the magnetic field angle by monitoring the sensor response to a magnetic field of a continuously rotating magnet (fig. S4 and movie S2). By rotating the magnet at a constant rotational speed of 1.6 revolutions/s, a sinusoidal response from each of the bridges is obtained ([Fig. 3E](#F3){ref-type="fig"}) and the angle of the magnetic field can be reconstructed in real time ([Fig. 3F](#F3){ref-type="fig"}). We find a clear 90° phase shift between the outputs of the bridges ([Fig. 3E](#F3){ref-type="fig"}). Each of the acquired signals is fit to a sine function with a standard error of at most 4 × 10^−4^.

In addition to exposing the sensor to a homogeneous field of a permanent magnet rotating with a constant speed, we validate the operation of our devices with irregular external magnetic fields that would typically occur in realistic settings of a wearable gadget. Here, we monitor the response of the sensor when exposed to a field of a permanent magnet directly moved by hand. The sensor provides an unambiguous angle reconstruction independent of the tilt angle of the permanent magnet or variations of the distance between the magnetic source and the sensor (movie S3).

The extreme flexibility of our magnetosensitive foils eases the integration with soft and malleable materials such as elastomers and textiles for wearable electronics ([@R28]--[@R31]). In this way, the typically somatic interaction with wearable devices ([@R32]) can be readily extended toward entirely touchless interfacing.

Virtual keypad applications
---------------------------

We devise a demonstrator where the sensor is mounted on an elastic wristband to create a device capable of transducing local magnetic fields into discrete values. A permanent magnet providing magnetic input is attached to the index finger of a volunteer, who then places his finger above distinct angular positions of the sensor. The local in-plane magnetic field changes at these locations and the sensor converts the magnet positions into predefined characters, thereby turning the wristband into a virtual keypad, which is addressed in a touchless manner. We encode the characters "+," "9," "4," and "1" to the angular segments around 270°, 180°, 90°, and 0°, respectively ([Fig. 4A](#F4){ref-type="fig"}). Approaching the wristband with the finger at given angles allows one to type a predefined sequence of symbols, for example, the initial part of a phone number, +4914... ([Fig. 4B](#F4){ref-type="fig"} and movie S4).

![Virtual keypad addressed in a touchless manner.\
(**A**) The characters "+," "9," "4," and "1" are encoded in angular segments around 270°, 180°, 90°, and 0°, respectively. (**B**) Photograph showing a 2D sensor mounted on an elastic wristband resembling a virtual keypad. The encoded symbols are displayed when a corresponding angular segment of a sensor is exposed to a magnetic field of a small permanent magnet at the fingertip (movie S3).](aao2623-F4){#F4}

Interactive light dimming by touchless manipulation
---------------------------------------------------

The on-skin directional sensors allow one to control a physical property of an object in virtual reality, relying on the interaction with magnetic fields exclusively. We develop a demonstrator based on a magnetic source made of a plastic ring-like support with a permanent magnet in the middle. One of our angle sensors is fixed to the palm of a hand and connected to a computer for visualization purposes. The software encodes the angles received into seven luminescence regions. Each of the regions corresponds to a particular light intensity translating into control of an on-screen virtual light source. The visual representation also includes a virtual dial corresponding to the current position of the hand on the physical magnetic dial. Here, angles between 0° and 180° are encoded to replicate the typical movement of a hand when operating a real dial. This allows us to realize a light-dimming application of a virtual bulb, manipulated solely upon rotation of a volunteer's hand above a magnetic source ([Fig. 5](#F5){ref-type="fig"} and movie S5).

![Light dimming of a virtual bulb.\
(**A**) Skin-applied 2D sensor as on-skin electronics with directional perception. (**B** and **C**) Movie snapshots demonstrating touchless manipulation of a virtual object using our on-skin 2D magnetic field sensor. The hand is turned with respect to the direction of the magnetic field lines of a permanent magnet. This motion of the hand is monitored and the angular position is transformed into the setting of a virtual dial, in turn controlling the light intensity of a virtual bulb (movie S4).](aao2623-F5){#F5}

Because of the PDMS encapsulation, the flexible devices reveal a stable response even when submerged for several minutes in deionized water and a sweat-like saline solution of 40 mM chloride (fig. S5 and movie S6). Long-term stability studies are currently underway. These initial results make us confident that our sensor platform is a viable solution for wearable magnetic field--based interfaces.

CONCLUSION
==========

In conclusion, we realized the first mechanically imperceptible e-skins with directional perception. In conjunction with a magnetic field originating from a permanent magnet, the device monitors the motion of a hand based on the interaction of the 2D magnetic field sensor with the magnetic stray field landscape. We demonstrate the potential of our 2D magnetic field sensor platform for augmented reality systems to achieve virtual knob-turning and pressing functions and enable the operation of virtual dialing pads without the use of bulky optical equipment. At present, our devices operate based on the interaction with a magnetic field of a permanent magnet of about 50 Oe. We envision that by improving the flexible sensor technology even further, wearable magnetic sensorics will operate in the geomagnetic field. Our technology platform is based on transfer printing of individual sensor elements and is thus readily extendable to form sensor arrays. Taking advantage of stretchable interconnects, distributed arrays of angle sensors would provide means to perform triangulation tasks or similar motion monitoring duties.

MATERIALS AND METHODS
=====================

Fabrication of flexible angle sensors
-------------------------------------

The magnetic layer stack was deposited onto lithographically defined areas on a 1.7-μm-thick polymeric foil. The foil was laminated onto a sacrificial layer-coated glass slide ([Fig. 2A](#F2){ref-type="fig"}, I and II) for processing. Following sample characterization, dicing tape was applied to the sample covered with a photoresist to aid as support for the transfer process ([Fig. 2A](#F2){ref-type="fig"}, III). The final stack was left in diethylenetriaminepentaacetic acid (DETPA) until the sacrificial layer was dissolved and the remaining part of the stack was released from the glass ([Fig. 2A](#F2){ref-type="fig"}, IV). The freestanding tape containing the sensors was blade-cut into single chips ([Fig. 2A](#F2){ref-type="fig"}, V), which were then transferred to the patterned contacts ([Fig. 2A](#F2){ref-type="fig"}, VI). The transfer of the spin valve chips to the contacts was done by drop-casting liquid polyamic acid on each of the predetermined sites for the sensors ([Fig. 2A](#F2){ref-type="fig"}, VII). Then, the sensors were placed on the droplets and their EB axis was aligned accordingly to the position within the Wheatstone bridge ([Fig. 3B](#F3){ref-type="fig"}). Afterward, the contacts and sensor were soft-baked to evaporate the solvent from the liquid polymer. Then, the bonding polymer droplets were annealed at above 200°C to initiate the imidization process, leading to the hardening of the polymer. Afterward, the device was placed in acetone to remove the photoresist and delaminate the dicing tape, resulting in a fully bonded sensor. After bonding, the spin valves were contacted to the underlying contacts. The output regions of the contact pads were subsequently covered with dicing tape. A 5-μm-thick encapsulation layer of PDMS was spin-coated on top and serves as a soft interface to skin. An SEM investigation of the sample cross section (prepared using a FIB etching through the layer stack) reveals that the metal layer was firmly attached to the polymer and follows the surface morphology ([Fig. 2A](#F2){ref-type="fig"}, VIII). We note that for the FIB/SEM characterization, the samples were capped with a 5-nm-thick Cr layer to avoid charging. There were no cracks in the spin valve or delaminated regions observed when investigated at different locations of the sample. We note that bonding of the sensor chips on 1.7-μm-thick foil to the extended 1.7-μm-thick supporting foil results in a perfectly homogeneous polymeric layer with a total thickness of about 3.5 μm at the sensor location. There was no boundary between the two foils visible in the SEM image, which was crucial to assure mechanical integrity of the entirely flexible device. The device was submerged in water for about 10 min to obtain freestanding 2D sensors ([Fig. 2B](#F2){ref-type="fig"}), followed by peeling off the foils from the rigid glass support ([Fig. 2A](#F2){ref-type="fig"}, IX).

Synthesis and preparation of a polyimide foil
---------------------------------------------

Photosensitive polyimide was synthesized as follows ([@R33], [@R34]): 3,3′,4,4′-biphenyltetracarboxylic dianhydride was reacted with 4,4′-diaminodiphenylmethane in dimethylacetamide (DMAc), modified with dimethylaminoethyl methacrylate and photosensitized using 2 weight % 2-benzyl-2-(dimethylamino)-4-morpholinobutyrophenone (Sigma-Aldrich). The polymer synthesis was performed by dissolution of 9.93 g of 3,3′-diaminodiphenylsulfone in 20 ml of DMAc with the subsequent addition of 12.8 g of 3,3′,4,4′-biphenyltetracarboxylic dianhydride. After mixing for 12 hours at 70°C, the solution of polyamic acid in DMAc was obtained. The solution was modified by reaction with 12.5 g of dimethylaminoethyl methacrylate. The final polyamic acid solution was spin-coated on 22 mm × 22 mm glass slides (VWR International) at 3000 rpm for 40 s with a previous acceleration step of 5 s up to 500 rpm. The polymer-coated glasses were then heated up at 200°C for 10 min under N~2~ to imidize and therefore form a stable polyimide film. The final film thickness under these conditions was measured to be 1.7 μm.

Elaboration of electrical contacts
----------------------------------

Following the polyimide film preparation, conventional lift-off photolithography (AR-P 3510 photoresist; 3500 rpm, 35 s) was performed to pattern \[Ta(5 nm)/Au(100 nm)\] contacts on top of the foils. The contact deposition was carried out using magnetron sputtering at room temperature (base pressure: 5 × 10^−7^ mbar; Ar sputter pressure: 1 × 10^−3^ mbar; deposition rate: 0.41 Å s^−1^ for Ta and 1.5 Å s^−1^ for Au).

Elaboration of sensor chips
---------------------------

The same 22-mm × 22-mm glasses as used before were left in an aqueous 2% Alconox detergent solution for 2 hours to make the glass surface hydrophilic. Afterward, polyacrylic acid (Polysciences Inc.) was spin-coated on the glasses at 3000 rpm for 30 s, dried at 60°C for 5 min, and subsequently cross-linked by rapid dipping on a 2 M CaCl~2~ solution. Above this layer, polyamic acid was spin-coated and imidized as described above during the preparation of a foil. On top of the resulting foil, meander sensor structures were patterned at a second lithographic step and a multilayer spin valve stack of \[Ta(5 nm)/Py(4 nm)/CoFe(1 nm)/Cu(2.4 nm)/CoFe(1 nm)/Py(4 nm)/IrMn(8 nm)/Ta(2 nm)\] was magnetron sputter--deposited at room temperature (base pressure: 3 × 10^−7^ mbar; Ar sputter pressure: 7.5 × 10^−3^ mbar; deposition rate: 1 to 2 Å s^−1^ depending on the material) ([@R35]). Two permanent magnets were mounted on the sample holder to define the EB direction of the sensors. The resulting spin valve arrays were covered with AR-P 3510 photoresist by spin coating (3000 rpm for 35 s followed by 5 min drying at 50°C). Next, standard blue dicing tape was laminated on the stack to aid as a support to ensure further steps of the transfer process. The final stack was left in DETPA for at least 24 hours, until the polyacrylic acid was fully dissolved and the remaining part of the stack was released from the glass. The freestanding tape containing the sensors was blade-cut into single spin valve sensor chips, which were then transferred to the previously patterned contacts. Individual GMR sensor elements were characterized at room temperature by locating the sensor between the pole shoes of an electromagnet. The magnetic field was applied in the sensor plane along the EB direction, and the change of the electrical resistance was measured as a function of the applied magnetic field. The GMR ratio was defined as the magnetic field--dependent change of the sample's resistance, *R*(*H*~ext~), normalized to the resistance value of the magnetically saturated sample, *R*~sat~: GMR(*H*~ext~) = \[*R*(*H*~ext~) − *R*~sat~\]/*R*~sat~.

Sensor transfer to the contacts
-------------------------------

The transfer of the spin valve chips to the contacts was done by drop-casting liquid polyamic acid on each of the predetermined spots for the sensors. Then, the sensors were carefully placed on the droplets and aligned to fit their corresponding magnetization and position within the Wheatstone bridge design. Afterward, the contacts + sensor were placed in between two flat glasses and pressed with a 500-g weight for 5 min at 50°C to evaporate the solvent from the liquid polymer. Following this preheating, the samples were further pressed in the same way but at 140°C for 10 min to imidize the bonding polymer droplets. The resulting sensor was left to cool down and then placed in acetone for 2 min to remove the photoresist and delaminate the dicing tape, leaving a fully bonded sensor.

Sensor contacting and encapsulation
-----------------------------------

After bonding, the spin valves were contacted with G3303B silver paste (Plano GmbH) to the underlying contacts. The output regions of the contacts were subsequently covered with dicing tape, and a 5-μm-thick encapsulation layer of PDMS was spin-coated on top (6000 rpm, 5 min). Finally, the finished sensor was left to dry for 24 hours at room temperature to cure the PDMS and complete the elaboration process.

Mechanical performance of the sensors
-------------------------------------

To analyze the stability of the devices upon bending and the adhesion properties of the metal films to the polymeric support, we carried out several cuts using FIB at different locations over the sample. No signs of delamination of the metal layer from the polymer were found. Furthermore, we studied the mechanical integrity of our devices upon bending into radii below 100 μm. To achieve these small bending radii, we laminated our flexible devices onto a prestretched very high bond (VHB) elastomer, inducing wrinkling of the sensor upon strain relaxation of the elastomer ([@R4]). In this way, we achieved sub--10-μm bending radii. The wrinkled structures were studied using SEM following FIB cutting of the samples. Even when bending down to radii of about 30 μm, the film remained intact (fig. S6). If the radius of curvature reaches below 10 μm, we could occasionally identify cracks in the film (fig. S7).

By using an ultrathin (1.7 μm thick) substrate, the strain in the metallic spin valve film was greatly reduced. This directly follows from analytical mechanical considerations for foldable film-on-foil electronics ([@R36]). Here, the strain ε~top~ in a rigid film (Young's modulus, *E*~f~; thickness, *t*~f~) on a softer substrate (Young's modulus, *E*~s~; thickness, *t*~s~) was computed when bending down to a radius *R* via$$\varepsilon_{\text{top}} = \frac{(\mathit{t}_{f} + \mathit{t}_{s})}{2\mathit{R}}\frac{(1 + 2\eta + \chi\eta^{2})}{(1 + \eta)(1 + \chi\eta)}$$with η = *t*~f~/*t*~s~ and χ = *E*~f~/*E*~s~. For the polyimide foil in this work, the corresponding parameters were *E*~s~ = 3 GPa and *t*~s~ = 3400 nm (two bonded polyimide layers with each layer being 1700 nm thick). Furthermore, we derived the elastic moduli of the spin valve layer (total thickness: *t*~f~ = 27.4 nm) by its material composition to be 167 GPa (7-nm-thick Ta: *E*~Ta~ = 186 GPa, 8-nm-thick Py: *E*~Py~ = 120 GPa, 2-nm-thick CoFe: *E*~Co~ = 209 GPa, 2.4-nm-thick Cu: *E*~Cu~ = 130 GPa; 8-nm-thick IrMn: *E*~Mn~ = 209 GPa).

Using the model ([@R36]) and considering that the film withstands bending to radii of at least 30 μm, we estimated the strain in the layer to be at maximum 4%. This rough estimate was already near the fracture strain even for Cu. Other relaxation mechanisms, for example, reducing the film area due to patterning and edge roughness, were considered to further reduce the strain in the metal film.

We note that increasing the thickness of the polyimide substrate to that of a thin commercial foil (25 μm) will increase the resulting strain up to 40%, values that would result in cracking of the metallic film. These estimations further corroborate the importance of reducing the substrate thickness to improve the overall mechanical performance of the sensors.

Practical applications in wearables will benefit from laminating our ultrathin sensor foils to thin sheets of soft elastomers as strain-buffering interfaces to human skin. As detailed below, an approximately 100-μm-thick PDMS sheet would be sufficient to place the spin valve sensors into the neutral mechanical plane *b*, greatly reducing the bending-induced strain on the metallic layers ([@R37])$$\begin{matrix}
{\mathit{b} = \frac{\sum_{\mathit{i} = 1}^{\mathit{n}}{\overline{\mathit{E}}}_{\mathit{i}}\mathit{t}_{\mathit{i}}\left( \sum_{\mathit{j} = 1}^{\mathit{i}}\mathit{t}_{\mathit{j}} - \frac{\mathit{t}_{\mathit{i}}}{2} \right)}{\sum_{\mathit{i} = 1}^{\mathit{n}}{\overline{\mathit{E}}}_{\mathit{i}}\mathit{t}_{\mathit{i}}}} \\
{{\overline{\mathit{E}}}_{\mathit{i}} = \frac{\mathit{E}_{\mathit{i}}}{1 - {\nu_{\mathit{i}}}^{2}}} \\
\end{matrix}$$where *E*~*i*~, *t*~*i*~, and ν~*i*~ are the Young's modulus, thickness, and Poisson's ratio of the layer *i* in the stack of layers forming the sensor, respectively. *b* is the height from the bottom of the stack at which the mechanical neutral plane was found in a multilayer system. The PI film and the spin valve were considered as a single layer with a weighed equivalent Young's modulus *E*~1~ = 4.31 GPa and Poisson's ratio ν~1~ = 0.34. PDMS as the soft layer has *E*~2~ = 1.84 MPa and ν~2~ = 0.5. With these parameters, the mechanical neutral plane *b* was located at about 1.7 μm from the bottom of the stack, right where the spin valve lies. For nonideal situations where the spin valve is at a distance δ from the neutral plane, we would arrive at a strain of $\varepsilon = \frac{\delta}{\mathit{r}}$, with *r* being the curvature radius. We note that placing the sensor foil on prestretched VHB tape to form a wrinkled structure (and thus a stretchable sensor) will likewise move the active spin valve close to the neutral plane, because the VHB elastomer used in these experiments has a similar Young's modulus and a thickness in the range of 50 to 100 μm.

Another strategy to improve the strain tolerance of our sensors is to use a 1.7-μm-thick polyimide layer as encapsulation, as the now matching Young's moduli of the substrate and encapsulation will place the spin valve again in the neutral mechanical plane and thus allow extreme flexibility without damage to the sensor layer.

Sinusoidal angle characterization
---------------------------------

To measure the dependence of the sensor output signals on the in-plane magnetic field angle, we devised a motorized setup that consists of a rotating permanent magnet placed underneath a plastic disk-like sample holder. The magnet was fixed to the shaft of a stepper motor (Trinamic PD3-110-42) in such a way that the uniform field lines lay parallel to the plane of the sample, therefore allowing a controlled rotation of the in-plane field. Furthermore, the sample holder was fixed 9 cm over the magnet with an extension clamp to ensure a constant field of 50 Oe, as measured with an HG09 gaussmeter (Goudsmit Magnetic Systems). We note that this field falls inside the ideal operation region of our spin valves (20 to 120 Oe).

When conducting this experiment, we made sure that the characterization setup used to measure the sensor was designed such that the in-plane field had a variation of less than 300 μT within the area of the sensor (fig. S8). This arrangement was achieved by first determining the best geometry and placement for the magnet to generate a constant field over a large enough area to cover the entirety of the sensor. Then, we verified that the magnetic field within the sensor plane varies only minimally (less than 300 μT) using a gaussmeter.

The sensor was then placed on the holder and connected to two B2902A Source/Measure Units (Keysight Technologies). One of the units was used to source a constant voltage of 1 V to bias the sensor and the other one was used to measure the outputs of each of the two nested bridges. The unit in charge of the measurements was remotely programmed and controlled with custom software, which acquires the output voltages of the sensor, computes the corresponding angle value, and visualizes the resulting real-time signals on screen. By using the stepper motor's software (TMCL-IDE version 3.0.10.0) to drive the motor at a constant rotational speed, we measured a sinusoidal response from each of the bridges with the expected 90° phase shift between outputs. The rotational speed of the stepper motor was set to 1.6 revolutions/s to facilitate the display and analysis of data. Each of the acquired signals was fit to a sine function to determine how much they resembled the ideal case. We found that for a standard fitting function of the form *y* = *y*~0~ + *A* sin \[π (*x* − *x*~c~)/*w*\] (*A*, amplitude of the peak and *w*, peak width), the standard error was 0 for all parameters but *w*, for which the error was only 4 × 10^−4^. These results were obtained in both the pretransfer and posttransfer states.

Angular resolution of the device
--------------------------------

The angular resolution can be estimated using the intrinsic noise of the sensor and the total voltage range over 180°. We observe a measurement noise of 200 μV~pp~ (after software filtering), which, together with a detection range of 180°/5 mV~pp~, yields an effective resolution of about 7°.

This would, in principle, allow one to encode more angles, but there are additional factors to be taken into account. These are (i) the output voltage offset, (ii) the transition regions between encoded values, and (iii) the size and shape of the source magnet used to actuate the sensor.

The output voltage offset is crucial as the angle is reconstructed from θ~rec~ = arctan (*V*~sin~/*V*~cos~). Under ideal circumstances, *V*~sin~ and *V*~cos~ have the form *A* sinθ and *A* cosθ, with *A* being the signal amplitude. However, upon the introduction of an offset, they become *A* sinθ + *V*~sin_off~ and *A* cosθ + *V*~cos_off~, resulting in a less trivial reconstruction θ~rec~ = arctan (*A* sinθ + *V*~sin_off~/*A* cosθ + *V*~cos_off~). Therefore, it is crucial to include offset compensation. We use a software-based compensation scheme that updates itself at every run to cancel out the *V*~sin~ and *V*~cos~ offsets.

The transition regions are required to leave enough spacing between the encoded values and avoid cross-talking between two adjacent values. Angles falling inside these regions are not encoded and thus serve as separators. If we determine the transition regions to be two times the angular resolution (=14°), we can calculate a theoretical maximum for the number of encoded values by assuming the case when the span of the transition region equals that of the encoding region. In this case, the total number of sectors is given by 360°/14° = 25, and because half of them are used as transition regions, we arrive at a maximum of 12 values that can be reliably encoded.

The size of the magnetic flux area and the uniformity of the magnetic source (permanent magnet attached to the finger in [Fig. 4B](#F4){ref-type="fig"}) are additional aspects to be considered. If the area of influence of the source is larger than the physical area spanned by a particular encoded value, cross-talk will occur even if the sensor performs as desired. Also, if the magnet is too small (comparable to a single spin valve), it will not be able to activate all spin valves simultaneously and the reading will be inaccurate. We therefore used a magnet size that allows an efficient reading for a 90° spacing. However, reducing the size of the magnetic flux area is possible (here, by about four times), allowing encoding of up to eight values. Further expansion of the values is feasible and will require additional optimization of the encoding and the magnetic source.

Manual angular characterization
-------------------------------

In addition to characterizing the full-scale response of the imperceptible angle sensor, we studied the sensor response to discrete angular steps with the aim of verifying the correspondence of the measured angles with the software-calculated ones. For this experiment, the sensor was fixed to the center of the sample holder and a permanent magnet was placed at different angles along the perimeter of the holder. The magnet was rotated around the sample while keeping a distance of about 2.5 cm to the sample's center to provide a field of 50 Oe at each angle. The selected angles were spaced 45° from each other starting at 0° and going in a clockwise direction up to 180°; the last step was measured at 150°. All of the procedure was simultaneously captured on video. Then, the video was analyzed to extract the angular placement of the magnet. This angle was plotted against the measured angle to determine their resemblance. The data from these measurements revealed good correspondence between the reconstructed and the measured angles.

Temperature stability of the polymeric support
----------------------------------------------

We developed ultrathin polyimide foils that are about 1.7 μm thick and have a very small surface roughness of about 1 nm (fig. S9). This is absolutely necessary for the successful growth of the high-performance magnetic sensor layer. The foils offer good adhesion for functional elements processed on it using standard deposition and lithography techniques (see, for example, [Fig. 2B](#F2){ref-type="fig"}). The synthesized polymeric foil reveals remarkable thermal stability, even allowing for regular soldering to be performed. In the following, we characterize the thermal stability of the polymeric support and compare it to the commercially available counterparts. For this study, we devised a strain-temperature experiment at constant stress. To have well-characterized references, we used standard high-performance polymer films such as 100-μm-thick polyethylene terephthalate (PET), 100-μm-thick polyetheretherketone (PEEK), and 2.5-μm-thick Dupont Mylar. In this experiment, the films were vertically fixed with a spring clip to a clamp stand and pulled downward by another 10 g of spring clip, which provided constant stress during the measurements (inset in fig. S10A). Then, the films were heated up progressively with a ZD-939L hot air rework station (Ningbo Zhongdi Industry & Trade Co.) until they reached their breaking point. The heat was supplied through a 4-mm-diameter nozzle for ultrathin foils (2.5-μm-thick Mylar and the polymeric foil synthesized in this work) and without a nozzle (2.1-mm heating diameter) for 100-μm-thick samples. The reason for this heating area modification was to assure that the thinnest samples remained perpendicular to the temperature source without being pushed away by an excessive airflow. Next, the behavior of the films was captured on video to determine their deformation upon heating. The quantitative deformation analysis was done by comparing the length *L* of the films at each of the frames of the video with their original length *L*~0~. Using this information, we calculated the elongation as (*L − L*~0~)*/L*~0~ as a function of temperature for each of the investigated polymer films. By plotting the elongation as a function of the temperature, we observed that our polyimide foils can withstand temperatures up to 344°C, at which point it finally breaks. This performance is quite remarkable given that its cross-sectional area is two orders of magnitude smaller than that of the other evaluated polymers except for Mylar. Thicker polymers such as PET and PEEK could not reach more than 150°C without breaking, and Mylar, the ultrathin version of PET, could not withstand temperatures beyond this. Considering the small thickness of the foil, loading it with 10 g corresponds to a surface pressure of 58 kPa∙m. In addition to this rather high pressure, the foil withstands temperatures of up to 340°C (fig. S10A) by far outperforming commercially available PET foils (movie S7). This remarkable thermal stability of a 1.7-μm-thick foil allows for a regular soldering of electrical contacts directly to the lithographically defined contact pads (fig. S10, B and C). An SEM image of the sample cross section reveals that the contact pad is firmly attached to the polymer even when in the direct vicinity of the soldered contact (fig. S10, D and E).

Another observation from this experiment is that our polyimide foil presents an S-shaped deformation curve (fig. S11) with a sudden increase before 100°C, a stable plateau between 100° and 300°C, and finally a steep increase up to 344°C, when it breaks. This behavior suggests that during the first transition, the polymer dries and excess solvent is removed. Then, chain elongation ensues and stabilizes during the observed plateau when the polymer reaches its final hard and stable form. Finally, as the temperature further increases, the film becomes more fluid as it approaches its melting point and a sudden deformation follows. At this point, the constant stress causes substantial necking on the polymer film, which further debilitates its structure and triggers its final rupture before reaching the melting point. In necking, the cross-sectional area of a material is reduced faster than its hardening ratio, causing a concentration of the strain in the regions of highest stress. For our experiments, this change in the cross-sectional area was mediated by the decreasing polymer's viscosity as the temperature was increased. This deformation mode can explain the premature failure of the other polymer films studied, which also experienced a decrease in local cross-sectional area before their melting point.

Temperature compensation of the sensor bridge
---------------------------------------------

We characterized the response of a single spin valve sensor and a sensor bridge upon heating using a heat gun. A single sensor strongly responds even to slight temperature variation; however, no change in the readout of the bridge is observed upon the same heat treatment (fig. S12 and movie S8).

This behavior arises from the intrinsic compensation properties of the Wheatstone bridge. The typical output characteristic *V*~out~/*V*~bias~ of a Wheatstone bridge with resistors *R*~1~ to *R*~4~ can be written as follows$$\frac{\mathit{V}_{\text{out}}}{\mathit{V}_{\text{bias}}} = \frac{\mathit{R}_{1}}{\mathit{R}_{1} + \mathit{R}_{2}} - \frac{\mathit{R}_{4}}{\mathit{R}_{3} + \mathit{R}_{4}} = \frac{\mathit{R}_{1}*\mathit{R}_{3} - \mathit{R}_{2}*\mathit{R}_{4}}{(\mathit{R}_{1} + \mathit{R}_{2})(\mathit{R}_{3} + \mathit{R}_{4})}$$

If *R*~1~ = *R*~3~ = *R*~2~ = *R*~4~ = *R*~0~, the output voltage is 0 and the offset is fully compensated. In reality, however, the resistors vary (for example, with temperature) and produce unwanted offsets. Assuming the case of varying resistors, with *R*~1~ = *R*~3~ = *R*~2~ = *R*~4~ = *R*~0~ and a variation smaller than the nominal value of the resistors, second-order terms can be neglected and the output can be written as$$\frac{\Delta\mathit{V}_{\text{out}}}{\mathit{V}_{\text{bias}}} = \frac{\Delta\mathit{R}_{1} - \Delta\mathit{R}_{2} + \Delta\mathit{R}_{3} - \Delta\mathit{R}_{4}}{4\mathit{R}_{0}}$$

If the resistance variation is produced by the change of temperature Δ*T*, it can be written as Δ*R* = *R*~0~αΔ*T* (α is the temperature coefficient of resistivity)$$\frac{\Delta\mathit{V}_{\text{out}}}{\mathit{V}_{\text{bias}}} = \frac{\mathit{R}_{0}\alpha\Delta\mathit{T} - \mathit{R}_{0}\alpha\Delta\mathit{T} + \mathit{R}_{0}\alpha\Delta\mathit{T} - \mathit{R}_{0}\alpha\Delta\mathit{T}}{4\mathit{R}_{0}} = 0$$

Because all the elements are expected to respond in the same way to temperature, they compensate mutually and the temperature-induced variations in the output voltage are eliminated.
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fig. S1. Fabrication flow.

fig. S2. Mechanical characterization of spin valves.

fig. S3. Compliancy of a flexible spin valve to a hair.

fig. S4. Angle characterization setup.

fig. S5. Encapsulation experiments for a spin valve sensor.

fig. S6. Mechanical stability of the sensor layer stack upon bending.

fig. S7. Development of cracks in strongly curved devices.

fig. S8. Schematics of the setup used to measure the angle response of the sensor in a rotating magnetic field of a permanent magnet.

fig. S9. Surface quality characterization.

fig. S10. Thermal stability of the foils.

fig. S11. Elongation of polymeric foil versus temperature.

fig. S12. Temperature compensation of the sensor bridge.

movie S1. Response of a spin valve upon bending.

movie S2. Reconstruction of the magnetic field angle using 2D sensor.

movie S3. Reconstruction of the magnetic field angle under irregular field excitation.

movie S4. Demonstrator 1: Virtual keypad applications.

movie S5. Demonstrator 2: Interactive light dimming by touchless manipulation.

movie S6. Stability of the sensor response submerged in aqueous and saline solution.

movie S7. Temperature stability of the novel ultrathin polyimide foils and a commercial foil.

movie S8. Temperature compensation of the bridge.
